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Abstract 
The voltage-gated ion channels embedded in biological membranes play crucial roles on the generation and transmission of 
action potentials. Therefore, understanding of impacts of each ion channel is of great importance for the dynamics of neuronal 
networks.  Among the others, one method on this way is to block a specific ion channel type while keeping the remaining ion 
channel types active across the membrane and to observe their impact on neuronal dynamics. In this study, we study the effects 
of sodium and potassium channels blockage on the collective spiking regularity of a scale-free neuronal network with stochastic 
Hodgkin-Huxley neurons, and investigate how the dependence of the collective spiking regularity on the membrane area or cell 
size varies with the coupling constant between neurons. Results reveal that the collective spiking regularity exhibits coherence 
resonance (CR) depending on the channel blockage scaling factor and the cell size, where potassium channel blockage enhances 
the collective spiking regularity whereas sodium channel blockage decreases it. We show that there is a lower limit for the 
coupling constant which warrants the CR behavior. We also show that the maximal regularity is obtained for a smaller cell size 
with the increasing the value of the coupling constant. 
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1. Introduction 
Hodgkin-Huxley (HH) [1] first introduced the conductance dependent formulation of membrane voltage 
dynamics, explains the underlying mechanism of the generation and transmission action potential. Their model 
constitutes a deterministic model which is valid only for large cell sizes. After the work of Leccar and Nossal [2] it 
became clear that random opening and closing of ion channels can cause sub-threshold voltage fluctuations in 
neuronal membrane [3]. Hence, the channel noise must be taken into account to obtain a realistic model of neuronal 
networks [3]. The subsequent studies revealed that the channel noise provides rich behavior landscape for neurons 
such as the threshold to spiking and the spiking rate itself [4-10], the anomalous noise-aided enhancement of 
external weak signal (stochastic resonance phenomenon) [11-14] and efficiency for synchronization [15]. The 
intensity of the channel noise is directly proportional to the number of ion channels, but its real effect is determined 
by the number of channels which are open near the threshold for firing [10]. Therefore, controlling the number of 
the active channels in particular membrane area is important exclusively to understand the effect of a specific ion 
channel type on neuronal dynamics. In this context, tetraethylammonium (TEA), tetradotoxin (TTX) and saxitoxin 
(STX) are widely used in experiments to control (blockage) the number of specific ion channels [16]. Schmid et al. 
[17-18] have investigated the impacts of channel blocking on a single HH neuron. They found that the blockage of 
 
* Ergin Yilmaz. Tel.: +90-370-433-2021; fax: +90-370-433-3290. 
E-mail address: erginyilmaz@yahoo.com. 
Available online at www.sciencedirect.com
Open access under CC BY-NC-ND license.
200   Ergin Yılmaz et al. /  Procedia Technology  1 ( 2012 )  199 – 204 
sodium channels decreases the action potential generation (spiking) and reduces the regularity of spiking whereas 
reduction in the number of potassium channels increases spiking activity and causes an increment or decrement on 
the spiking regularity depending on the working ion channel fractions. Very recently, Özer et al. [19] have studied 
effects of channel blockage on the spiking regularity of HH neurons on small-world networks and found that there 
exist an optimal fraction of shortcut and an optimal intrinsic ion channel noise, which guarantee optimal spiking 
regularity. Gong et al. [20] investigated the role of channel block on the spiking temporal coherence and spatial 
synchronization of the complex HH neuronal networks under the presence of weak periodic sinusoidal stimulus, and 
obtained that under the certain conditions channel blocking may optimize spike coherence and the synchronization.   
In this paper, by extending our previous work [21] we study the effects of sodium and potassium channels 
blockage on the collective spiking regularity of a scale-free (SF) neuronal network with stochastic HH neurons and 
we investigate how the dependence of the collective spiking regularity on the membrane area varies with the 
coupling constant between neurons.  
 
2. Model and Equations 
In the network model, we use stochastic HH neuronal model, which is an extension of the original deterministic 
HH model [1]. The dynamics of the studied SF neuronal network is described by the following set of ordinary 
differential equations : 
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where Cm=1μm2 represents membrane capacitance, Vi denotes membrane potential of neuron i=1,2,..,N (N is system 
size) and gNa, gK, gL represent sodium, potassium and leakage conductance, respectively. ENa, EK and EL are the 
reversal potential for sodium, potassium and leakage channels, respectively. εij denotes coupling strength between 
neurons i and j. If neurons i and j are connected εij=0.1, otherwise equal to zero. The leakage conductance is 
assumed to be constant, gL =0.3mScm-2, in the model. The potassium and sodium conductance are defined as 
follows [18,19]: 
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 where 2maxNa 120mScmg
  and 2maxK 36mScmg  are maximal sodium and potassium conductance, respectively. m 
and h denote the activation and inactivation gating variables for the sodium channel, respectively, whereas the 
potassium channel includes only activation gating variable n. In Eq. (2) we introduce two scaling factors, Nax  and 
Kx , which correspond to the fractions of working, non-blocked ion channels, to the overall number of sodium, NNa, 
or potassium, NK, ion channels within the membrane patch, correspondingly [17,18]. These factors are confined to 
the unit interval. 
In the deterministic HH model, activation and inactivation variables m, n and h change over time in response to 
the membrane potential with the first order differential equation. In order to construct a realistic neuronal network, 
we consider the stochastic behavior of the ion channels. Although there are different approach to model the ion 
channel noise, we follow Fox’s algorithm [21] to model this stochastic behavior of the sodium and potassium 
channels due to its computational advantage. This algorithm describes the stochastic gating dynamics with the 
corresponding Langevin generalization: 
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Where xD and xE  are the rate functions for the gating variable ix . )(tx[  denotes independent zero mean 
Gaussian white noise whose autocorrelation functions are given as follows [22]: 
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Given the assumption of homogeneous sodium and potassium ion channel densities, channel numbers are 
calculated via SN NaNa U , SN KK U , where 260  μmρNa and 218  mK PU  are sodium and potassium channel 
densities, respectively, and  S is total membrane area or cell size. Equations (1-4) represent the stochastic HH model, 
where the cell size adjusts the intrinsic noise level through the number of ion channels NNa, NK. It is intelligible from 
Eq. (4) that the stochastic effects of gating variables may be negligible for larger membrane areas while they may 
have significant effects on membrane dynamics for smaller membrane areas [18,22-25]. The parameter values 
specified in the Eq. (1-4) have the same values in [19]. 
We use a SF network proposed by Barabasi and Albert (BA) [26] and firstly set N=200 stochastic HH neurons 
(nodes) in the network. Network initially starts with a small number of nodes, m0, and every time steps a new node 
which has m links, m≤ m0, is added to network. These m links are connected to m nodes which are already been on 
the network. After T time step, the network, which has N= m0+T nodes and mT links, will be obtained. In the SW 
and random network, probability of connectivity of a node has uniform distribution and not related to the connection 
number of the node and new connections are made randomly whereas in SF network new node attaches 
preferentially to nodes that have already been well connected [26]. The probability ¦ 
j
jii kkk /)(  that the new 
node will be connected to node i is assumed to be dependent on the degree ki of the node i. The connectivity 
distribution of a node on SF network follows the power low degree distribution and given as J kkP )( and here γ 
is the damping exponent, 2<γ<4.                                                                                                                                          
To determine the regularity of spontaneous firing of the network, we firstly calculate average membrane potential 
of SF network as follows: 
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and then by using average membrane potential we determine firing (spiking) occurrence times by the upward 
crossing of Vavg(t) past a detection threshold of 0 mV. Finally, we calculate the regularity, λ, which is the inverse of 
coefficient of variation (CV), as follows [19]: 
 
                                                                      
22
1
!!
!  
ISIISI
ISI
CV
O                                                              (6) 
 
where <ISI> and <ISI2> represent the mean and the mean squared inter-spike (inter-firing) intervals, respectively. The 
larger values of the λ correspond to the more ordered the firing patterns. In the results presented below, each data on 
the figures is obtained by averaging the result for a given parameter over 20 different network realizations.               
3. Results 
We investigate the impacts of potassium and sodium channel blockage on the spiking regularity of the network 
by scaling the cell size and tuning ε. Before extending our previous study [21], we first show the impact of 
potassium and sodium channel blocking on the spiking regularity as a function of the cell size, S for given values of 
coupling constant ε=0.1 and the average degree, ¦   i iavg Nkk / 10 as in [21]. Obtained results are plotted for 
Kx and Nax  in Fig. 1 a and b, respectively. We alternate the density of one channel type ( Nax or Kx ) while keeping 
the other equal to one. The network spiking regularity increases when the potassium channel blocking increases (i.e 
smaller Kx ) for a given cell size as shown in Fig.1a. The λ exhibits a coherence resonance (CR) depending on the 
cell size for 6.0!Kx . The maximal regularity (max. λ) is obtained for S=6μm2. Similar results have already been 
reported in [17,18] for a single neuron and in [19] for a Newman-Watts SW network. Fig.1a also indicates that the 
maximal regularity is obtained for a smaller membrane area with decreasing working number of potassium channels 
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for 6.0!Kx . On the other hand, the regularity almost linearly increases when the potassium channel blocking 
increases for 5.0Kx . The channel noise contribution due to the sodium channels is responsible for the initiation 
of action potentials [9]. Therefore, the reduction of sodium conductance by reducing the number of working sodium 
channels (i.e. smaller Nax ) decreases collective firing regularity of network for a given membrane area as shown in 
Fig.1b.  Notably, we could not consider Nax <0.8 because the average membrane potential Vavg did not involve any 
firing. The λ also exhibits coherence resonance (CR) depending on the membrane area when the sodium blockage is 
small (i.e. larger Nax ), whereas it vanishes for smaller Nax . The maximal regularity (max. λ) is obtained for S=6μm
2 
as for the potassium blockage. 
We now begin to extend our previous work in [21] and investigate how the dependence of the collective spiking 
regularity on the membrane area or the cell size varies with the coupling constant between connected neurons. For 
potassium channel blockage, we analyzed two different cases (two different regimes: Kx ≤0.5 and Kx >0.5) as shown 
in Fig. 2 and Fig. 3, respectively. We also obtained the impact of the coupling constant on the spontaneous 
regularity for sodium channel blockage ( Nax =0.95) as shown in Fig. 4. 
Fig2 shows that the collective spiking regularity, λ, increases linearly with the increasing cell size due to the 
decreasing channel noise. Beside, there is an optimal coupling constant value, ε=0.075, for membrane areas, 
S>4μm2. Inset shows that how the regularity changes with coupling constant for S=6 μm2. 
                        
 
 
                             
                            
 
                                             
Fig1. The dependence of the spontaneous firing regularity, λ on the membrane area, S for different levels of potassium and sodium channel 
blockage ( 10 avgk , 1.0 ijH ). (a) Potasium; (b) Sodium [21]. 
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Fig2. The dependence of the spontaneous firing regularity, λ on the membrane area, S for different values of coupling constant ( 10 avgk , 
5.0 Kx ). 
The collective spiking regularity shows CR behavior depending on coupling constant, ε for 95.0 Kx  (Fig3). 
There is a lower limit for ε warranting the CR behavior. This lower limit is equal to ε=0.075, and the larger values of 
it assures the CR behavior. The maximal regularity is obtained with smaller cell size when the ε gets larger value. 
For ε=0.1, it is equal to 2μm142#S while for 2.0 H  it is equal to 2μm81#S and 2μm51#S for 3.0 H .      
Fig4. shows how the dependence of the collective spiking regularity on the membrane area varies with the 
coupling constant for 95.0 Nax . For 075.0 H the λ doesn’t alter with membrane area and remains almost 
constant. However, the λ shows CR behavior for 1.0tH . The membrane area corresponding the maximal regularity 
decreases if H gets larger value.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig3. The dependence of the spontaneous firing regularity, λ on the membrane area, S for different values of coupling constant ( 10 avgk , 
95.0 Kx ). 
4. Conclusions 
We study the impacts of sodium and potassium channels blockage on the collective spiking regularity of a scale-
free neuronal network with stochastic Hodgkin-Huxley neurons, and investigate how the dependence of the 
collective spiking regularity on the cell size varies with the coupling constant between neurons.. Under sodium 
channel blockage, the collective spiking regularity is badly reduced while under potassium channel blockage, the 
collective spiking regularity can be enhanced. Results reveal that the collective spiking regularity exhibits coherence 
resonance (CR) depending on both the channel blockage scaling factor and the cell size. We show that there is a 
0 2 4 6 8 10 12 14 16 0 
5 
10 
15 
20 
25 
30 
35 
S ( P m 2 ) 
O 
 
 
H =0.075
H =0.1 
H =0.2 
H =0.3 
0 2 4 6 8 10 12 14 16 0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
S ( Pm 2 ) 
O 
 
 
H =0.05 
H =0.075
H =0.1 
H =0.2 
H =0.3 
0.1 0.2 0.3 45 
50 
55 
60 
65 
70 
ε
 
204   Ergin Yılmaz et al. /  Procedia Technology  1 ( 2012 )  199 – 204 
lower limit for the coupling constant which warrants the CR behavior. We also show that the maximal regularity is 
obtained for a smaller cell size with the increasing the value of the coupling constant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig4. The dependence of the spontaneous firing regularity, λ on the membrane area, S for different values of coupling constant ( 10 avgk , 
95.0 Nax ). 
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